Abstract-Orthogonal frequency division multiplexing (OFDM) based relay architecture is a promising technique in modern wireless communication systems. In frequency-selective channels, different sub-carriers experience different fades. Data transmitted on the sub-carriers which experience deep fade will have a high probability of getting lost at the destination. In this paper, we propose a multicarrier-adaptive hybrid relay protocol (MC-AHRP) over frequency-selective channels to overcome this problem. In the proposed protocol, the subcarrier performs an amplify-and-forward (AF) scheme when the instantaneous SNR of the source-relay link exceeds a preset threshold value, or it utilizes the adaptive decode-and-forward (ADF) scheme as the alternative. For any subcarrier of the ADF scheme that fails to be decoded, the destination selects the respective subcarrier from the direct transmission path instead. The performance of the proposed scheme is analyzed in terms of bit error probability (BEP). Simulation and numerical results show that a significant performance gain can be achieved.
I. INTRODUCTION
Recently, cooperative communications have been receiving attention from researchers due to its ability to provide cooperative diversity gains without reliance on multiple antennas. As such cooperative protocols have been classified into two general schemes being; amplify-and-forward (AF) or decode-andforward (DF) [1] and [2] . Under the AF protocol, the relay node amplifies the signals, including noise received from the source. In contrast, under the DF protocol, the relay node attempts to decode the received signal, which experiences error propagation, then re-encodes and forwards it to the destination. In [3] and [4] , the hybrid relay protocol (HRP) is often proposed to overcome inherent issues experience in both AF and DF protocols. Several strategies of the hybrid relay protocol have been investigated in the literature [5] - [8] in wireless relaying networks.
The authors in [9] - [12] , investigated an adaptive DF (ADF) scheme to overcome the drawbacks of the conventional DF protocol. The underlaying concept of this protocol is that the relay utilizes the DF protocol if the decoded received signal is correct. Otherwise it remains silent. The main shortcoming of these protocols is that the relay always has to decode the received signal in order to decide which scheme to use. To cope with this problem, the authors in [6] [7] and [13] , investigated threshold metric to modify the relay selection scheme thus leading to improved system performance.
Orthogonal frequency division multiplexing (OFDM) has been adopted as an effective technique to capture multipath energy, mitigate inter-symbol interference (ISI), and offer high spectral efficiency in broadband communications through transforming frequency-selective fading channel into multiple flat fading sub-channels. Selective OFDM and selective OFDMA have been investigated in [14] , [15] based DF relaying protocols, respectively. It is shown that selective OFDM is less complex but its performance is worse than selective OFDMA.
There appears to have been less work considering the OFDM technique incorporated with HRP. For example, in the proposed protocol in [3] , the forwarding scheme is based on per-subcarrier basis, that each subcarrier in the relay node will either use AF, DF forwarding scheme or direct transmission according to analytical bit error rate (BER). However, the relay should have the knowledge of the channel state information (CSI) of both direct and indirect links. Therefore, it imposes high computational complexity and requires a large overhead for signals. The BER performance for all-participate hybrid DF-AF relaying is presented in [16] with a selective OFDM scheme adopted by retransmitting the entire OFDM symbol. Since the OFDM technique is active over frequencyselective channels, some sub-carriers will experience deep fading. Thus the received signal at the destination may be corrupted by using the AF scheme where it is difficult for the relay to decode all sub-carriers correctly. To avoid subcarriers that suffer deep fading, we propose a new scheme of hybrid relay protocol based on a combine OFDM technique with AF-ADF relaying schemes introduce here as MC-AHRP.
The basic idea of the proposed protocol is that the subcarrier performs the AF scheme if the received SNR is greater than threshold value. Otherwise, it performs the ADF scheme. The discarded sub-carriers from the indirect link will be replaced from the direct link in order to compensate the data loss.
The rest of this paper is organized as follows: In Section II, the system model is introduced. The performance of the proposed scheme is described and analyzed in Section III. In Section IV, the simulation and numerical results are provided. Finally, Section V concludes the paper.
II. SYSTEM MODEL
The considered system is composed of a single source/destination pair and a single relay node as illustrated in Fig. 1 . It is assumed that each node in the system is equipped with a single antenna, and the half-duplex transmission mode is utilized. The relay node is composed of an OFDM transceiver with N sub-carriers. Perfect time and frequency synchronization is considered at each node. It is further assumed that the channels experience quasi-static frequency-selective Rayleigh-fading, where the channel coefficients remain unchanged throughout one block but change independently from one block to the next. The complete CSI is known only at the destination, relay can estimate the channel parameters of the source-relay link. Persubcarrier selection is conducted at the beginning of each transmitted block by sending a preamble symbols to the relay and destination from the source as proposed in [17] .
For the communication time intervals, the source broadcasts an OFDM symbols to the relay and destination in the first time slot. Therefore, the received signals at the relay and the destination for the nth subcarrier can be written as
where P s,n is the amount of power allocated to subcarrier n, and x(n), w r and w d are an unit energy symbol to be transmitted from the source and additive white Gaussian noise (AWGN) at the relay and the destination, respectively. h sr,n , and h sd,n where n = 1, ...N are the channel fading gains between the source-relay, and source-destination for each subcarrier, respectively. The transceiver structure of the relay node is shown in Fig.2 . The underlaying concept of this protocol as follows, if any subcarrier has instantaneous SNR at the relay greater than the predetermined threshold SNR, then the AF forwarding scheme is used. The rest of sub-carriers use ADF. In the ADF scheme, any sub-carrier correctly decoded the received signal using the DF scheme, otherwise it remains silent. Subsequently, the relay informs the destination with single bit the forward scheme for each subcarrier. However this can causes lost of the received data at the destination. To overcome this dilemma, the destination selects the corresponding sub-carriers from the direct link to compensate for the loss of information received.
Each subcarrier in the relay either just simply amplifies the received noisy signal by an amplification factor β n , or detects and re-encodes the received signal and forwards it to the destination node. The amplification factor for the nth subcarrier that satisfies the power constraint E(|x r (n)| 2 ) ≤ P r,n can be expressed as
where P r,n is the transmitted power of the nth subcarrier for the relay node. In the second time slot, the relay node conveys the signal received from the source and forwards it to the destination corresponding to the selection scheme. The received signal at the destination from both slots for the nth subcarrier can be denoted as
where h rd,n denotes the channel fading gain for nth subcarrier between the relay and the destination nodes. Then, the endto-end instantaneous SNR received at the destination can be expressed as
where γ sr,n , γ rd,n , and γ sd,n are the instantaneous SNR of the nth subcarrier of source-relay, relay-destination and source-destination links, respectively.
III. BIT ERROR PROBABILITY PERFORMANCE
In this section, the upper bound expression of system error probability performance is derived over independent identical Rayleigh fading channels. The average error probability for each subcarrier at the destination can be expressed as P n (e) = Pr(γ sr,n > γ th )P AF (e) + Pr(γ sr,n ≤ γ th )P ADF (e) (6) where P r(γ sr,n > γ th ) is the probability of the instantaneous SNR at the nth subcarrier greater than the threshold value γ th . Since channel coefficient for the nth subcarrier between any two nodes follows Rayleigh fading distribution and power channel gains are follow exponential distribution, this leads to show that Pr(γ sr,n > γ th ) = e 
where P AF (e) is the error probability of the received signal at the destination when nth subcarrier used AF protocol and can be formulated as [18] 
where
2 )dt and α and β are constants that depend on the type of modulation scheme (e.g., for BPSK α = 0.5 and β = 1). The conditional PDF and CDF of γ n = γsr,nγ rd,n γsr,n+γ rd,n +1 is complicated to derivative. Therefore, a tight upper bound is proposed in [19] , which is more mathematically tractable and a suitable form for analysis. An upper bound of the end-to-end instantaneous SNR at the destination is given by
The corresponding conditional CDF of γ n given that γ sr,n is larger than threshold value (or n ∈ GAF ) can be used the same method presented in [6] , [20] and is expressed as 
where λ rd,n =γ rd,n 1+γ rd,n and λ eq,n =γ eq,n 1+γeq,n . The error probability of the received signal at the destination node when the nth subcarrier is used the ADF protocol denotes as P ADF (e) can be formulated as in [6] , [21] P ADF (e) = P sr,n (e)P error (e)+(1−P sr,n (e))P succ (e), (12) where P error (e) and P succ (e) are the probability that an error occurs at the destination and the nth subcarrier fails and successes to decode the received signal correctly, respectively. P sr,n (e) denotes the probability that nth subcarrier will not be in decoding set and can given as
The conditional PDF of γ sr,n , f γsr,n (γ | γ sr,n ≤ γ th ) can be expressed as [20] f γsr,n (γ | γ sr,n ≤ γ th ) (14) Then, the average error probability at the nth subcarrier can be calculated by substituting (14) 
where λ sr,n =γ sr,n 1+γsr,n . When the nth subcarrier at the relay cannot be decoded the received successfully, the destination then selects the same subcarrier from the direct link. Therefore, the probability of error when the subcarrier is incorrectly detected from the received signal can be given as
In the same style, the conditional PDF of γ sd,n , f γ sd,n (γ | γ sr,n ≤ γ th ) can be expressed as (17) and by substituting (17) into (16), we have
where λ sd,n =γ sd,n 1+γ sd,n . In the same manner, the probability of correct decoding can be evaluated as
The error probability expression of the P ADF (e) can be calculated by substituting (15) , (18) , and (19) into (12) 
is presented on top of the this page. Then after substituting (7), (11) and (20) into (6), the error probability of MC-AHRP can be evaluated. It is assumed that each sub-carrier experience independent BEPs. Since OFDM relay system composed of N parallel sub-carriers. A bit is received at the destination correctly only when at all sub-carriers for the particular bit has been transmitted correctly. Therefore, the overall BER can be written as [22] , [23] 
IV. SIMULATION AND NUMERICAL RESULTS
In this section, the simulation and numerical results will be presented to demonstrate the BEP performance of the proposed protocol, and compare it to the conventional protocols [24] .
The BPSK modulation is performed for all simulations and the path-loss exponent is assumed to be equal to 3. The channel between any two nodes in the system is modeled as quasi-static frequency-selective fading channels with a frame size of 100 symbols. It assumed that N = 64 sub-carriers with a cyclic prefix (CP) length of 16. It is also assumed that perfect CSI is available at the relay and the destination. Additionally, the distance between the source and relay nodes is normalized by the source to destination distance (i.e., d r = d sr /d sd ) and all nodes in a straight line. Fig. 3 shows the BEP performance of existing protocols for various SNRs under consideration of the SNR threshold value equal to average SNR of the entire OFDM symbol. It is observed that the MC-AHRP is very closed to the perfect DF performance at the low SNRs, while it is exactly matched at middle and high SNRs. It is also seen that the MC-AHRP provide significant improvement in performance compared with conventional relaying schemes.
In order to study the effect of the threshold value on the system BEP performance, the performance for different locations is compared as shown in Fig. 4 . It is observed that the performance is substantially improved when the average SNR increase due to more sub-carriers can decode the received signal correctly. Similarly, better performance is observed at medium-to-high SNR threshold values when the relay is located closer to the source node. Conversely, it gives worse performance at low SNR threshold values. It also can interpret that the optimal threshold value is around 3 dB when SNR is equal to 15 dB. Fig. 5 shows the BEP performance of present protocols for four SNRs when the threshold value γ th is set to 1 dB. The network is composed of three relay locations at d r = 0.3, 0.5, and 0.7. This result demonstrates that when the relay is close to the source, it provides better performance at low SNRs. By contrast, it provides substantial improvement when the relay located so close to the destination node. 
V. CONCLUSION
In this paper, we have proposed an efficient protocol based on per-subcarrier selection concatenated with OFDM-AHRP relaying protocol over frequency-selective channels. BEP performances has been analyzed under consideration of relay location from the source. It has been shown that the MC-AHRP yields a significant improvement in BEP performance compared with conventional schemes. The relay uses the AF scheme for uncorrupted sub-carriers and the performance of the perfect DF scheme depends upon the relaydestination channel gains irrespective of the source-relay channel gains. Therefore, the proposed protocol provided better performance when the relay is located close to the destination, especially at high SNR values. Results show that the proposed protocol can achieve a BEP performance very close to the perfect DF scheme with a low computational complexity.
